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Pore diameterCation selectivity of the cellular membrane of tobacco culture cells (cell line ‘bright yellow-2’) exposed to
pulsed electric ﬁelds in the millisecond range was investigated. The whole cell conﬁguration of the patch
clamp technique was established on protoplasts prepared from these cells. Ion selectivity of the
electroporated membrane was investigated by measuring the reversal potential of currents passing through
ﬁeld-induced pores. To this end the membrane was hyper- or depolarized for 10 ms (prepulse); subsequent-
ly the voltage was driven to opposite polarity at a constant rate (+40 or −40 mV/ms, respectively). The
experiment was started by polarizing the membrane to moderately negative or positive voltages (prepulse
potential ±150 mV) that would not induce pore formation. Subsequently, an extended voltage range was
scanned in the porated state of the membrane (prepulse potential ±600 mV). IV curves in the porated and
the non-porated state (obtained at the same prepulse polarity) were superimposed to determine the voltage
at which both curves intersected (‘Intersection potential’). Using a modiﬁed version of the Goldmann–
Hodgkin–Katz equation relative permeabilities to Ca2+ and various monovalent alkali and organic cations
were calculated. Pores were found to be fairly cation selective, with a selectivity sequence determined to
be Ca2+ > Li+ > Rb+ ≈ K+ ≈ Na+ > TEA+ ≈ TBA+ > Cl−. Relative permeability to monovalent cations
was inversely related to the ionic diameter. By ﬁtting a formalism suggested by Dwyer at al. (J. Gen. Physiol. 75
(1980), 469–492) the effective average diameter of ﬁeld induced pores was estimated to be about 1.8 nm.
Implications of these results for biotechnology and electroporation theory are discussed.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Permeabilization of the cellular membrane by brief (ns to ms)
exposure to an electrical ﬁeld is a frequently used method in biotech-
nology, e.g. for the introduction of macromolecules like DNA into cells.
More recently, medical application (e.g. in gene therapy and cancer
treatment) has received increasing attention. But despite about
40 years of research since this technique was initially introduced
[1,2], our understanding of how electrical ﬁelds interact with the
membrane on the molecular scale, and our knowledge of membrane
properties in the ‘electropermeabilized’ (or ‘electroporated’) state, is
still far from being comprehensive. Molecular simulation studies of; BY-2, bright yellow-2; ccell,
id; EI, intersection potential;
potential; PEF, pulsed electric
+ channel; IV curve, current–
, tetraethylammonium; TBA,
x, ionic diameter of ion x
ology, Campus North, Building
ein-Leopoldshafen, Germany.
rights reserved.the membrane in the presence of a strong electric ﬁeld (at least
about 5 kV/cm, depending on the pulse length) rendered support for
models that involve the formation of short-lived, lipid-lined (nano)
pores in the membrane [3,4]. This is implied by the term ‘electropora-
tion’ that is favoured bymost researchers working in the ﬁeld. Most of
the available experimental data are also in accordance with this
model. I will adopt the terminology here for convenience, even though
it has to be kept in mind that experimental data generally considered
as a deﬁnitive proof of this concept have not been provided yet.
Among other things, we lack detailed information on the (ion) se-
lectivity of the membrane in the electroporated state. Selectivity data
are important for applied research since they provide evidence which
substances are likely to permeate into the cell most easily (and which
are less likely to do so) when a cell is exposed to pulsed electric ﬁelds
(PEFs). From a basic research viewpoint, selectivity data help us to
understand the properties of transport pathways through the mem-
brane. Detailed studies on this subject were undertaken by Pakhomov
and coworkers using the whole cell patch clamp technique [5–7].
However, these studies focused on the properties of the membrane
after the application of nanosecond PEFs. Using the same technique,
Wegner et al. [8,9] and Wegner and Schönwälder [10] investigated
membrane poration during the application of ms-pulses on protoplasts
1974 L.H. Wegner / Biochimica et Biophysica Acta 1828 (2013) 1973–1981isolated from tobacco culture cells (cell line Bright Yellow-2). It was
found that polarization beyond threshold values of about −250 mV
and +200 mV, respectively, led to an at least 50 fold increase in mem-
brane conductance with respect to the value obtained in the physiolog-
ical voltage range. By superimposing current voltage relations obtained
by voltage ramp protocols in the physiological and the porated state,
the intersection potential (the crossing point of the IV curves) could
be inferred as identifying the voltage atwhich currents passing through
pores reversed polarity (for a detailed discussion on the validity of this
approach, see 4.1). These measurements provided evidence that the
electroporated membrane is surprisingly cation selective and conducts
anions poorly [8,9].
Here, I complete the dataset on ion selectivity of BY-2 protoplasts
in the electroporated state by testing monovalent cations of varying
size and mobility. Moreover, membrane permeability to Ca2+ is
separately tested. From these data relative ion permeabilities can be
calculated using an extended version of the Goldman-Hodgkin-Katz
equation [11], and based on these data a selectivity sequence was
established. These data have practical relevance for optimizing the
medium composition when electroporation is applied in biotech-
nology and medicine, and provides us with some important hints
concerning the molecular mechanisms of transport across the mem-
brane. These aspects are addressed in the Discussion.
2. Materials and methods
2.1. Cultivation of tobacco culture cells, preparation of protoplasts and
electrophysiology
Patch-clamp experiments in the whole cell conﬁguration were
performed on protoplasts prepared from calli of the tobacco cell
line Bright Yellow-2 (BY-2). Cell culture and protoplast preparation
were performed as described in detail in previous publications [8,9].
The standard patch clamp setup used here was identical to the one
used in these preceding studies. Micropipettes were fabricated from
borosilicate glass (No. 34500 99; Kimble, Rockwood, TN, USA) with
a two-step-procedure using a Narishige puller (PE-21, Narishige,
Tokyo, Japan). Voltage was controlled and current recorded with an
EPC-10 ampliﬁer (HEKA electronic, Lambrecht, Germany). In order
to calculate the actual trans-membrane voltage drop from the applied
command voltage at supra-physiological voltages it was important to
take into account the voltage drop at the access resistance, i.e. the
junction between pipette and cell interior, (the so-called ‘voltage
divider effect’; [8]). The applied command voltage (Vcomm) had to
be corrected for this value to assess the actual trans-membrane volt-
age drop (VM) when a voltage pulse (ΔVcomm) was applied (for more
details, see [8])
VM tð Þ ¼ Vcomm tð Þ– I tð Þ=I0½   ΔVcomm ð1Þ
I(t) is the current as a function of time. The current amplitude of the
capacitive current relaxation, I0, was obtained from the time course of
the capacitive current relaxation Icap (t) upon a stepwise increase or
decrease of voltage by ﬁtting the following equation to the data:
Icap tð Þ ¼ I0  exp −t=τð Þ ð2Þ
The mathematical routine used for this correction can be obtained
from the previous publication [8].
The current response of a cell to a voltage ramp protocol (continu-
ous change of voltage with time) consists of a capacitive component
(Icap) and a resistive component (Ires (t)). Only the latter is relevant for
the determination of the intersection potential. Hence, the capacitivecomponent has to be subtracted from the overall current Iramp (t)
according to:
Ires tð Þ ¼ Iramp tð Þ− Icap ¼ Iramp tð Þ−ccell  dVM=dt ð3Þ
ccell is the cell capacitance (for more details see [8]).
2.2. Patch clamp solutions, calculation of ion activities, correction for
liquid junction potentials
The patch clamp solutions used in this study were designed to
determine relative permeabilities for a range of monovalent cations
at maximum resolution. To this end, a steep concentration gradient
between pipette and bath solution was imposed (250 mM versus
12.5 mM monovalent cation concentration). In another combination
of solutions, monovalent cations were completely replaced by Ca2+.
The composition of the various solutions used in this study is summa-
rized in Table 1. Free Ca2+ concentrations in the pipette solutions
were calculated using the program ‘calcium’ written by Führ et al.
[12]. Activities were calculated from ion concentrations according to
the formalism of Davies [13]. Liquid junction potentials for the various
combinations of solutions used here (Table 2) were determined ex-
perimentally using the protocol of Neher [14] and were corrected for
by using the corresponding function in the data acquisition program
Patchmaster (HEKA electronics), or ex post during data evaluation.
2.3. Calculation of relative permeabilities
Relative permeabilities for the major ions of the patch clamp solu-
tions are accessible from intersection potentials (i.e. reversal poten-
tials of the current voltage relations associated with ﬁeld induced
pores) by the Goldman-Hodgkin-Katz equation. The original version
of this equation only takes monovalent ions into account. However,
for this study the Ca2+ permeability of the pores was of major impor-
tance. Therefore, an extended version of the equation developed by
Piek [11] that includes Ca2+ permeability was used here:
EI ¼
RT
F
ln
bþ b2−4ac
 0:5
2a
0
B@
1
CA ð4Þ
With
a ¼ 4PCa2þ Ca2þ
h i
in
þ Pxþ Xþ
h i
in
þ PCl− Cl−½ ex
b ¼ Pxþ Xþ
h i
in
−Pxþ X
þh i
ex
þ PCl− Cl−½ ex−PCl− Cl−½ in
c ¼− Pxþ Xþ
h i
ex
þ 4PCa2þ Ca2þ
h i
ex
þ PCl− Cl−½ in
 
Px, P Cl- and PCa2+ are the membrane permeabilities for the respective
monovalent cation(s) X+, chloride and Ca2+, respectively. R, T and F
have their usual meaning.
The equation was solved numerically using an open access pro-
gram designed by A. Brünner (http://www.arndt-bruenner.de/mathe/
scripts/gleichungssysteme2.htm).
3. Results
3.1. Steady-state current–voltage relations of BY-2 protoplasts
Electrophysiological properties of BY-2 protoplasts have been
characterized in detail previously, and their spectrum of ion channels
is well documented in the literature [8,15–17]. However, methods of
cell culture and protoplast preparation, as well as the composition of
pipette and bath solutions that were optimized here for studying
Table 1
Composition of patch clamp solutions used in this study, and calculated activities of the major ionsa.
Medium
P1
P2
P3
P4
P5
P6
P7
B1
B2
B3
B4
Monovalent
cation (X)
K+
TEA+
TBA+
Rb+
Na+
Li+
-
K+
TEA+
TBA+
-
[XCl]
(mM)
250
-
12.5
-
[CaCl2]
(mM)
3.91
(free
Ca2+:
0.1 µM)
253
5
17.5
[MgCl2]
(mM)
2.55
(free
Mg2+:
2 mM)
2.55
2
2
[EGTA]
(mM)
10
10
-
-
[BTP]
(mM)
2
2
-
-
[MES]
(mM)
2
2
ax+
(mM)
127
-
10
-
aCl-
(mM)
131
339
21
32
aCa2+
(mM)
48
2.3
8
a Osmolalities of solutions determined with a vapour pressure osmometer ranged from 480 to 600 mosmol kg−1. Osmolality of the bath solution was adjusted to a value that was
slightly lower than that of the pipette medium by adding appropriate amounts of mannitol. PH in P and B media was adjusted to 7.2 and 5.8, respectively, by adding BTP or MES. For
calculation of ion activities, see text. a = ion activity.
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used in previous studies. Steep concentration gradients of monova-
lent cations (250 mM versus 12.5 mM in pipette and bath, respective-
ly) were imposed to improve the resolution of the selectivity
measurements. Therefore, it seemed appropriate to start this study
by measuring steady state current voltage relations in the physiolog-
ical voltage range. To this end, the clamped voltage was stepped in
20 mV increments to various potentials ranging from −100 to
+120 mV (well below the threshold for ﬁeld induced pore forma-
tion; [8]) for 1.5 s. Fig. 1A and B show the voltage protocol and the
current response, respectively, of a protoplast when K+ was included
as the monovalent cation in both pipette and bath solution. Note that
the IV curve was strongly outward rectifying with K+ in the pipette
medium (Fig. 1E, solid squares); large outward currents carried by
the Shaker-type outward-rectifying channel NtORK [15] were activat-
ed, whereas inward currents remained small. In fact, in the majority
of the protoplasts tested here NtORK dominated the membrane con-
ductance in the physiological voltage range. Note that currents acti-
vated with a delay; the activation kinetics was slightly sigmoidal, as
expected for a tetrameric channel protein with four independent
gates [18]. No outward rectiﬁcation was observed when K+ in both
pipette and bath solution was replaced by large organic cations
TEA+ and TBA+ (Fig. 1C and D, respectively). Obviously, the perme-
ability of the membrane to these cations is poor in the voltage
range considered here (see also IV curves in Fig. 1E), and these ions
did not pass through the outward rectifying K+ channels.Table 2
Intersection potentials determined for the various combinations of solutions used in
this study, and negative values of liquid junction potentials1.
Combinations
of media
EI (mV) (−)Liquid
junction
potential
(mV)
Negative-going prepulse,
ramp +40 mV/ms (c.v.)
Positive-going prepulse,
ramp -40 mV/ms (c.v.)
P1/B1 −24 ± 3a (n = 18) −20 ± 6a (n = 3) b2
P2/B2 −10 ± 3b (n = 17) −6 ± 5b (n = 5) 13
P3/B3 −13 ± 4b (n = 13) −11 ± 4b (n = 3) 20
P4/B1 −27 ± 8a (n = 6) n.d. b2
P5/B1 −24 ± 5a (n = 6) n.d. 4
P6/B1 −39 ± 7c (n = 9) n.d. 5
P7/B4 −6 ± 3b (n = 7) −6 ± 4b (n = 5) 9
1 c.v. = command voltage; mean EI values ± SE are given; superscripts a, b, and c
indicate signiﬁcant difference according to Student's t-test at the 0.05 level.Subsequently, these experiments were repeated after substituting
K+ in the pipette solution with either Na+ or Rb+, whereas K+ in the
bath remained unchanged (so-called bi-ionic conditions). Outward
currents with kinetics characteristic for NtORK were elicited in the
presence of alkali cations other than K+, indicating that the channel
was permeable to these cations. However, the current densities
obtained with Na+ and Rb+ were signiﬁcantly lower than those in
the presence of K+ (Fig. 1F).
3.2. Current–voltage relation elicited by 10-ms-voltage pulses
By contrast, when current voltage relations were measured on a
wider voltage range for a pulse length of 10 ms, measurements with
K+ and the organic cation TEA+ rendered IV curves with very similar
shape (Fig. 2). Results of this kind were also obtained with TBA+ (not
shown). Polarization of the membrane beyond threshold values in-
duced a large increase in conductance both in the positive and nega-
tive direction, as described previously [8], apparently due to the
formation of ﬁeld-induced pores. The data indicated that these pores
also permeated organic cations, in sharp contrast to NtORK. This ﬁnd-
ing provides another piece of evidence that these K+ channel proteins
do not provide the molecular basis of the ﬁeld-induced increase of
membrane conductance (compare [8]).
3.3. Selectivity of ﬁeld-induced pores to monovalent cations
The focus of this study is on the cation selectivity of the plasma
membrane at extreme (supra-physiological) voltages. Selectivity
was tested by applying a 10-ms-prepulse to−600 or +600 mV com-
mand voltage and subsequently forcing currents through ﬁeld-induced
pores while continuously changing the command voltage at a constant
rate. Note that pores started to close within a fewmilliseconds once the
membrane potential entered the intermediate voltage range. Therefore,
‘fast’ ramps (slope ±40 mV) had to be imposed to make sure that a
sufﬁciently large fraction of pores prevailed while the membrane po-
tential passed through the physiological voltage range. Background cur-
rents (including those due to an imperfect seal and ion transporters in
themembrane, compare Fig. 1) were taken into account by a preceding
ramp experiment that startedwith a prepulse to±150 mV (thatwould
not induce pore formation, compare Fig. 2). Current voltage relations
obtained from such a pair of ramp experiments were superimposed
(Fig. 3). The voltage atwhich the IV curves intersected (the ‘intersection
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Fig. 1. Steady-state current voltage relations of BY-2 protoplasts in the physiological voltage range. Protoplasts clamped in the whole cell conﬁguration were challenged with a se-
ries of voltage pulses (shown in A for all media combinations except for experiments with Na+ in the pipette medium) and whole cell currents elicited by this protocol were
recorded (representative example with P1/B1 media (250/12.5 mM K+) shown in B; inset shows detail of main ﬁgure at an enlarged scale). Time-dependent outward currents
were absent when media contained TEA+ and TBA+ instead of K+ (C and D, respectively). Current voltage relations derived from recordings B–D are presented in E (squares:
media P1/B1 (250/12.5 mM K+); circles: P2/B2 (250/12.5 mM TEA+); diamonds; P3/B3 (250/12.5 mM TBA+); solid squares represent steady-state currents after leak subtraction,
open squares currents after 10 ms pulse length (including the leak). In F, average current density is plotted against voltage for experiments with 250 mM K+ (squares; P1), Rb+
(upwardly-directed triangles; P4) and Na+ (downwardly directed triangles; P5) in the pipette solution and 12.5 mM K+ in the bath (B1). Error bars denote SEM values (3 replicates
each). With Na+ in the pipette, the same voltage protocol as shown in A was used, but with an offset of +4 mV due to ex-post correction of liquid junction potential.
1976 L.H. Wegner / Biochimica et Biophysica Acta 1828 (2013) 1973–1981potential’, EI) was considered to be the reversal potential associated
with ﬁeld-induced pores (a detailed account for the justiﬁcation of
this approach is given in theDiscussion).When the prepulsewashyper-
polarizing (−150 mV and −600 mV, respectively) the ramp started
at that voltage with a positive slope (40 mV/ms change in command
voltage; ﬁnal voltage +150 mV and +600 mV, respectively). In
Fig. 3A–C typical examples of plots obtained with different monovalent
cations (K+, TEA+ and TBA+) are depicted as obtained under these
conditions. In these individual experiments, intersection potentials
were determined to be −22, −10 and −13 mV, respectively. Similar
results were obtained when depolarizing prepulses (+150 mV and
+600 mV) were applied, followed by a voltage ramp with a nega-
tive slope (−40 mV/ms; ﬁnal voltage −150 mV and −600 mV,
respectively), indicating that pores induced by membrane de- and
hyperpolarization had very similar properties. A synopsis of the in-
tersection potential data including statistics is given in Table 2.Since the same cation gradient was imposed in all experiments and
concentrations of all other ions remained constant, the absolute
value of the reversal potential is a direct indicator for the selectivity
to monovalent cations. Intersection potential was most negative
with K+, indicating that permeability to K+ was higher than to the
large organic cations. Note also that all values were in the negative
voltage range, i.e. closer to the Nernst potential of the cation than
to that of the counter-ion, Cl−. Obviously, even large organic cations
such as TEA+ and TBA+ were transported more readily than a small,
highlymobile anion like chloride! Additionally, data for the LJP (with
a negative sign, since the LJP is deﬁned as bathwith respect to pipette
medium, opposite in polarity to the deﬁnition of command voltage in
patch-clamp experiments) are given; these values correspond to the
equilibrium voltage that would evolve at the interface of bath and
pipette medium (i.e. at this voltage electrodiffusion of all ions is
equally fast and, hence, ionic currents cancel each other out). Note
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recorded at the end of the pulses are plotted as a function of the trans-membrane volt-
age drop (after correction for the voltage divider effect; see text, 2.1), with 250/
12.5 mM K+ (P1/B1, closed squares) and 250/12.5 mM TEA+ (P2/B2, open squares).
1977L.H. Wegner / Biochimica et Biophysica Acta 1828 (2013) 1973–1981again that setting the potential difference between pipette and bath
to zero once the pipette tip was lowered into the bath also eliminat-
ed the LJP, but an offset was adjusted between the electrodes in order
to correct for this effect (see 2.2)). Any deviation of the intersection
potential from (−LJP) is due to the local microenvironment (or,
rather, ‘nanoenvironment’), i.e. most likely due to the properties of
ﬁeld-induced pores (e.g. size of the pores, properties of inner walls;
membrane surface at the vicinity of the pore etc.).
In a separate set of experiments, permeability of ﬁeld-induced pores
to various alkali cations was tested under bi-ionic conditions. To this
end, K+ in the pipette – but not in the bath – was replaced by either
Rb+, Na+ or Li+. Representative examples for current–voltage relations
obtained under these conditions are shown in Fig. 3D–F.When intracel-
lular K+ was substituted with Na+ or Rb+, the intersection potential
remained unchanged within limits of accuracy, indicating that pores
were equally permeable to K+, Na+ and Rb+ (Table 2). However,
with Li+ in the pipette a signiﬁcant negative shift of the intersection po-
tential with respect to the other experiments was observed. This ion
was apparently passing more readily through the pores than all the
other monovalent cations tested in this study.-4
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The experiments reported above were performed in the presence
of a steep, inwardly-directed Ca2+ gradient. Calcium was buffered to
sub-micromolar values in the pipette medium in order to mimick
physiological conditions; however, in the bath a rather high Ca2+
level (5 mM)wasmaintained to facilitate seal formation and preserve
seals during pulse application [8]. For a quantitative interpretation of
intersection potentials obtained with the various monovalent cations
it was mandatory to infer the Ca2+ permeability of the cellular mem-
brane in the electroporated state and, in turn, the contribution of Ca2+
ﬂuxes to intersection potentials. To this end, monovalent cations in
pipette and bath solutions were replaced by Ca2+, so that a very
high Ca2+ concentrationwas adjusted inside the cell. From a technical
viewpoint it was difﬁcult to establish and maintain the whole cell
conﬁguration of the patch clamp technique under these conditions
since the membrane at the pipette tip tended to reseal immediately.
However, by using large pipette tips (tip resistance b1MOhm) and
applying slight overpressure in the pipette during the experiment,
electrical access to the cell interior could be maintained for several
minutes, at least in part of the protoplasts. Interestingly, the current
response elicited by 10-ms-pulses in these cells was very similar to
that measured in the presence of monovalent cations (Fig. 4), despite2 ms
2 nA
2 ms
5 nA
100 mV 
A 
B 
200 mV 
Fig. 4. Voltage pulses and current response of a BY-2 protoplast with monovalent cations
in pipette and bath solution replaced by Ca2+ (media P7/B4). The voltage was stepped to
−150 mV and−600 mV from a holding potential of 0 mV as shown in upper panels in A
and B, respectively. In B, both the command voltage (dotted line) and the actual
trans-membrane voltage drop (continuous line) are depicted. Lower panels show the re-
spective current response of the protoplast. For more details, see text.the rather unphysiologically high Ca2+ concentration. A 10-ms-pulse
to −150 mV elicited a transient capacitive inward current that
decayed within 1–2 ms (Fig. 4A), whereas a pulse to−600 mV com-
mand voltage induced pore formation and, in turn, inward current in-
creasing with time that was superimposed on the capacitive current
spike (compare e.g. [8]). Note that the effective voltage drop (Fig. 4B,
top panel, continuous trace) deviated considerably from the com-
mand voltage (dotted line) due to a voltage drop at the access resis-
tance [8].
This result indicates that Ca2+ does not protect the membrane
against ﬁeld-induced structural changes that lead to membrane per-
meabilization (or the protective effect is just a minor one).
Fig. 5 shows the result of a successful voltage ramp experiment
performed in the same way as described above (hyperpolarizing
prepulses followed by positive-going ramps). Note that the reversal
potential was again in the negative voltage range, indicating that
Ca2+ passed the membrane more readily than chloride. This is in
line with the results presented above. On average, the reversal poten-
tial was about −6 mV independent of the polarity of the ramp (see
also Table 2; media P7/B4).3.5. Quantitative evaluation of intersection potentials
Intersection potentials presented in the preceding paragraphs
allow calculation of relative permeabilities of the electroporated
membrane according to the Goldman-Hodgkin-Katz equation using
the extended version of Piek [11] that takes both mono- and divalent
cations into account. When the Cl− permeability is set to 1, a value for
the relative Ca2+ permeability can be calculated from the intersection
potential in CaCl2 media free of monovalent cations (ignoring perme-
ability to all other ions, including Mg2+). Subsequently, permeabil-
ities for K+, TEA+ and TBA+ were accessible from intersection
potentials recorded in the presence of these ions at a ﬁxed Ca2+
and Cl− permeability retrieved from the above calculation. Finally,
remaining permeabilities for the other alkali cations (Na+, Rb+,
Li+) are assessed from intersection potentials obtained at bi-ionic
conditions with these ions in the pipette medium. The result is sum-
marized in Table 2. Surprisingly, the highest permeability was found
for Ca2+, followed by Li+, K+, Na+ and Rb+ and ﬁnally TEA+ and
TBA+. The resulting selectivity sequence is as follows:
Ca2þ > Liþ > Rbþ≈Kþ≈Naþ > TEAþ≈TBAþ > Cl−-20 0 20
-1
0
1
2
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nt
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Fig. 5. Determination of the intersection potential with Ca2+ being the dominating
cation in pipette and bath solution (media P7/B4). The representative experiment is
evaluated and presented in the sameway as described for other combinations of solutions
in the legend to Fig. 3. Nernst potential of Ca2+ (ECa2+):−24 mV; ECl-: +61 mV.
Table 3
Relative permeabilities (Px/PCl-; mean values) of major ions tested in this study calcu-
lated according to Eq. (4).a
Ion species X Px/PCl−
Negative-going prepulse,
ramp +40 mV/ms (c.v.)
Positive-going prepulse,
ramp -40 mV/ms (c.v.)
K+ 3.4 2.8
Rb+ 3.8 n.d.
Na+ 3.4 n.d.
Li+ 6.3 n.d.
TEA+ 1.7 1.4
TBA+ 1.9 1.7
Ca2+ 6.4 6.4
Cl− 1 1
a c.v. = command voltage.
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4.1. Is the intersection potential the most adequate parameter to assess
the ion selectivity of electric ﬁeld-induced pores?
Calculation of (relative) ion permeabilites from intersection po-
tentials is based on the assumption that the background conductance
of the membrane, plus the leak conductance at the membrane-glass
interface, remain unaltered by the ﬁeld pulse, and that the conduc-
tance of ﬁeld-induced pores is simply additive. Most likely processes
occurring at the membrane during exposure to supra-physiological
voltages are oversimpliﬁed by this approach. In fact, in a previous
publication [8] it was demonstrated that K+ channel activity in
BY-2 cells is reduced when extreme voltages are applied, most likely
due to the inﬂux of Ca2+. Alternatively, the reversal potential of the
IV curve recorded in the electroporated state, that was usually more
negative than the intersection potential, could be taken as the voltage
at which no net currents pass through open, ﬁeld-induced pores. This
would be the correct value if the background membrane conductance
was completely blocked by the electric ﬁeld, which appears to be an
even unlikely boundary condition. The ‘true value’ is most likely
somewhere in between. However, there are several indications for
the intersection potential being the most adequate choice for the re-
versal potential of currents passing through ﬁeld-induced pores that
could be made. Most importantly, in cases where the contribution
of background currents was very low and, hence, the reversal poten-
tial of the electroporated membrane IV curve was identical to the in-
tersection potential, this value was close to intersection potentials
measured on other protoplasts (data not shown). Moreover, there
is always a background conductance associated with the imperfect
seal that tends to increase, rather than decrease, when extreme volt-
ages are applied.
Therefore, it seems most adequate to make use of the intersection
potentials as the best parameter to approximate the reversal poten-
tial of open-pore current voltage relations.
4.2. Practical implications of the results
Field-induced poration of the cellular membrane initiates ion
ﬂuxes into and out of the cell and, in turn, a massive change in the
ionic milieu of the cytosol. This effect is of practical relevance in bio-
technology and medicine and, hence, has been a subject of both ex-
perimental and theoretical work. In previous studies on this issue
(including a very recent one by Movahead and Li [19]) it has always
been assumed that membrane pores are large aqueous ‘holes’ with
little ion selectivity, i.e. pore formation would be associated with an
(at least partial) breakdown of both cation and anion concentration
gradients, especially with a pulse length of several ms. The present
study has demonstrated that this basic assumption is not correct, at
least not for BY-2 cells. Rather, the membrane in the electroporated
state is quite cation selective. Therefore, administration of pulsed
electric ﬁelds by two external electrodes which is the ‘usual’ proce-
dure in biotechnology [20] will predominantly induce cation ﬂuxes
across the membrane (K+ and Ca2+ inﬂux at the negatively charged
pole of a spherical cell and K+ efﬂux at the positive pole, respectively).
Ca2+ inﬂux under these conditions has been demonstrated experi-
mentally in BY-2 cells [21]. Due to the poor anion permeability of
the pores, anionswill contribute little to ion ﬂuxes.Work of Pakhomov
and Pakhomova on GH3 cells [5] and Dyachok et al. on pig ventricular
myocytes [22] suggest that this conclusion also applies to mammalian
cells, with Na+ inﬂux (Na+ being equally permeable as K+, at least in
BY-2 cells) as an additional component to be taken into account.
How can one make use of these ﬁndings? The data suggest that
electroporation is especially useful to introduce divalent cations into
cells. This has been demonstrated experimentally for Ca2+ inﬂux dur-
ing and after the application of microsecond pulses [21]. There is arecent report in the literature showing that PEFs can be employed
to introduce Mg2+ into yeast cells [23]. Further applications of this
kind should be considered (see also [20]).
While changing the ionic milieu of the cytosol may be desirable
under some conditions, other applications (especially reversible elec-
troporation e.g. for cell transfection) require protection of the ionic
composition of the cytosol. Ionic ﬂuxes during and after the pulse
are likely to be reduced with low Ca2+ and Na+ concentrations in
the bath during pulse application. Further work on this issue is re-
quired, including a more detailed analysis of the average life time of
the pores once the membrane potentials return to moderate values.
Since membrane permeation tends to be hampered by negative
charge, the data seem to suggest that electroporation is less suitable
to introduce anions into cells, and least suitable for the transport of
negatively chargedmacromolecules. Strikingly, though, the technique
has most frequently and successfully been used to transport DNA, a
poly-anion, into cells. This apparent contradiction can only be re-
solved by assuming that DNA is not transported through the ‘ordinary’
membrane pores that leave their signature in patch clamp experi-
ments, but rather by a very different mechanism, e.g. as suggested in
a recent publication [24]. It has to be kept in mind that the data
presented here are overall values that only reﬂect the properties of
the majority of the pores. In fact, pores (or other transport pathways)
may exist that contribute little to overall conductance and have prop-
erties completely different from those reported here.
4.3. Implications of the results for molecular properties of ﬁeld-induced
pores
Most importantly, this study provides an empirical dataset charac-
terizing the electroporated cellular membrane during the application
of a PEF. Selectivity data allow conclusions on the properties of these
pores, as previously demonstrated for ion channels [22,25–27], porins
[28,29], and nanoporous materials [30,31], e.g. silicon membranes.
The most simple and straightforward approach to interprete reversal
potentials in terms of ion transport through pores is provided by
the Nernst-Planck formalism, assuming electroneutrality throughout
the lumen of the pore and ignoring interactions of ions with each
other and the wall of the pores. However, reversal potentials for the
various combinations of solutions tested here deviated considerably
from (−) liquid junction potentials (Table 2) that would be expected
for a pure electrodiffusion process. An alternative is provided by the
Goldman–Hodgkin–Katz equation that combines the Nernst-Planck
formalism with the Poisson equation (for a more detailed discussion
see [28,29]) and is based on the assumption of a linear drop of the
trans-membrane potential difference across the pore, as well as inde-
pendent movement of monovalent ion species (and additionally Ca2+
[11]). Relative ion permeabilities (Table 3) were calculated here based
on this formalism. A qualitative comparison of the data suggests that
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Fig. 6. Plot of the square root of the membrane permeability normalized to Rb+ perme-
ability against the ionic diameter for the various cations tested in this study.
Hyperpolarization- and depolarization-induced pores are indicated by solid and open
symbols, respectively. Solid line represents best ﬁt of the data with Eq. (5) (correlation
coefﬁcient R2 = 0.6). Intersection with x-axis indicates the size of the effective diam-
eter of the pore (about 1.8 nm). The values for Ca2+ are also plotted for comparison,
but were not included in the ﬁt.
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for size, since small alkali cations were more permeable than the
large organic ones. Moreover, it is interesting to note that Li+ perme-
ability of the membrane was roughly two times that of K+. The ionic
diameter of Li+ is much smaller than that of K+ (0.12 nm versus
0.27 nm). This is in accordance with permeability being inversely re-
lated to size, but only if the hydration shell of the ions is stripped off
upon entrance to the pore. By contrast, the hydrodynamic diameter
of Li+ is considerably larger than that of K+ (0.48 versus 0.25 nm).
Hence, if the ions were penetrating without losing their hydration
shell, K+ would be expected to be more permeable than Li+, contrary
to what was observed here. Consistently, the square root of themono-
valent cation permeability Px (normalized to the value measured with
Rb+) was inversely related to the ionic diameter (Fig. 6). Data in Fig. 6
could be ﬁttedwith a simple equation derived by Dwyer et al. [27] that
is based on the ‘excluded volume effect’; assuming cylindrical shape of
the pore, permeability is proportional to the cross-sectional area that
is not taken by the permeating ion (Px ~ (δpore / 2 − δx / 2)2), and
in terms of relative permeability can be expressed as [27]:
Px
PRbþ
 0:5
¼ δPore−δx
δPore−δRbþ
ð5Þ
with δPore being the effective pore diameter and δx and δRb+ being the
ionic diameters of the ion species x and Rb+, respectively (determined
from crystal dimensions according to the method of Pauling; cited
after [25]). From this plot an effective pore diameter of ~1.8 nm was
inferred. Previously, this formalism has successfully been applied to
describe the permeability of cation selective pores [25–27]. Although
the equation suggests selection purely by size (friction), negative
charges must be present at the inward and outward membrane sur-
face to select for cations versus anions, and to provide the energy for
stripping off the hydration shell. Deviations of individual values from
the straight line in Fig. 6 may be due to electrostatic effects; e.g., the
relative permeability to Li+ is higher than predicted from equation
5, possibly due to the high charge density of this ion.
Further experimental data are required to analyse pore properties
in more detail as e.g. done previously for the porin OmpF [28,29].
The permeability data reported here for tobacco protoplasts ex-
posed to 10 ms PEFs agree remarkable well with those reported by
Pakhomov and Pakhomova for GH3 cells following treatment with a
nanosecond pulse [5], except for Li+ that was more permeable than
K+ in BY-2 protoplasts, whereas in GH3 cells it was exactly opposite.The general good agreement of results presented here for ms pulsed
electric ﬁelds with previous work done with much shorter pulse
length is clearly at variance with the assumption frequently found in
the literature (and supported by current theories on the molecular
mechanism of pore formation) that pore properties change funda-
mentally with pulse length from ns to ms scale [32,33]. Rather, it ap-
pears now that at least the majority of ﬁeld-induced pores have
fairly uniform properties independent of cell type and ﬁeld exposure
time. Cation selectivity of lipid-lined pores may result from polar
phospholipid headgroups carrying negative charges, as discussed in
more detail previously [8], but alternative interpretations are also fea-
sible. In fact, ﬁeld induced pores seem to share many properties with
non-selective cation channels, and the question arises whether there
is a mechanistic and structural link between these phenomena
(A. Pakhomov, personal communication). ‘Irregular’ activity of cation-
selective channelsmay be elicited at extreme voltages. During hyperpo-
larization, massive Ca2+ inﬂux may additionally trigger Ca2+− activat-
ed channels (see also Beilby, [34]). NtORK, the cation channel that
dominates membrane conductance in the physiological voltage range,
is an unlikely candidate, though, since this channel is inhibited by
both elevated cytosolic Ca2+ concentrations and by pulsed electric
ﬁelds (which may have a common origin since Ca2+ inﬂux into the
cytosol through electric ﬁeld-induced pores tends to inactivate K+
channels, at least temporarily; [8]). Moreover, the massive increase in
membrane conductance reported here and in previous publications oc-
curs both with hyper- and with depolarization of the membrane once
threshold potentials are exceeded. Current–voltage curves are nearly
symmetrical around zero voltage, but Ca2+ inﬂux (and, in turn, activa-
tion of ion channels by an increase in cytosolic Ca2+)would be favoured
by membrane hyperpolarization, and much less so by depolarization.
Still, the role of ion channels for electroporation will be an issue of
further research.
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